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Objectives: Altitude-hypoxia induces pulmonary arterial hypertension and altered cardiac morphology and function,
which is little known inhealthy childrenat highaltitude.Wecompared the cardiopulmonarymeasurements between
the healthy children at 16 m and those at 3700 m in China and between the Hans and the Tibetans at 3700 m.
Methods:Echocardiographywas assessed in 477 children (15day–14 years) including220 at 16mand257 at 3700m.
The dimensions andwall thickness of the left- and right-sided heart, systolic and diastolic functions including cardiac
output index (CI)weremeasured using standardmethods.Mean pulmonary arterial pressure (mPAP)was estimated
by the Doppler waveforms in the main pulmonary artery.
Results: Compared to the 16 m-group, 3700 m-group had higher mPAP, increasing dilatation of the right heart, and
slower decrease in right ventricular hypertrophy in 14 years (p b 0.05). The left heart morphology was not different
(pN 0.20). Systolic anddiastolic functionsof bothventricleswere signiﬁcantly reduced, but CIwashigher (pb 0.0001).
There was no difference in any measurement between the Hans and the Tibetans (p N 0.05).
Conclusions: Children living at high altitude in China have signiﬁcantly higher mPAP, dilated right heart and slower
regressionof right ventricular hypertrophy in theﬁrst 14 years of life. Systolic anddiastolic functions of bothventricles
were reduced with a paradoxically higher CI. There was no signiﬁcant difference in these features between the Hans
and the Tibetans. These values provide references for the care of healthy children and the sick oneswith cardiopulmo-
nary diseases at high altitude.© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. IntroductionThe heart and pulmonary circulation in people living at high alti-
tude exhibit important physiological and morphologic characteris-
tics in adaptation to chronic hypoxia. Knowledge in this ﬁeld has
been progressed over the past 5 decades, especially in the 1960s by
the Peruvian investigators. The ﬁrst direct measurement of increased
pulmonary arterial pressure by cardiac catheterization was in the
Andeans in Peru (4540 m) in 1956 [1]. It remained to 1962 for
Penaloza et al. to make the crucial connection between chronic hyp-
oxia and pulmonary hypertension [2]. Subsequently, Arias-Stella and
others reported morphological alterations of the right heart. Rightliability and freedom from bias
rch Center, Capital Institute of
. This is an open access article underventricular hypertrophy was found from the heart specimens of chil-
dren and adults at high altitude when compared to those at sea level
[3,4]. Subnormal cardiac output was also noted in adults at rest and
during exercises [5]. It is not until recently that myocardial function
has been studied in details using echocardiography in healthy adults
living at high altitude, showing altered diastolic function and pre-
served systolic function of both ventricles [6]. In addition, it has
been realized that the genetic adaptation through varied number of
generations and millennia of life at high altitude is an important de-
terminant of the cardiopulmonary alterations [7]. It has been docu-
mented that the Tibetans, with the oldest altitude ancestry in the
world, have the most optimal adaptations with normal pulmonary
arterial pressure and exercise capacity [8]. However, paucity of
data exists about the developmental changes of the cardiac morphol-
ogy and function and pulmonary arterial pressure in children born
and living at high altitude during the early years of life [9,10], none
in the Tibetan children. Jiuzhi County in Qinghai Province, China is
located at 3700 m and has a population mixed with the migrated
Hans in the past 50–60 years and the native Tibetans. Therefore,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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diac morphology and function and pulmonary arterial pressure using
echocardiography in children from neonates to 14 years old in Jiuzhi
County in comparison to children living at 16 m in Shanghai; second,
to compare these measurements between the Han children and the
Tibetan children at 3700 m.
2. Methods
2.1. Subjects
The study was prospectively conducted in accordance with re-
search protocols approved by the institutional Research Ethics
Boards at Qinghai Women's and Children's Hospital and Shanghai
Children's Medical Center. The subjects were enrolled from the
local child healthcare clinics, nursery and primary schools during
the period of 1998–2002. Physical examination, electrocardiography
(ECG) and chest X-ray were performed to exclude any child with car-
diopulmonary diseases. A total of 477 healthy children (age: 15
days–14 years, median: 6.5 years) were studied, including 220 chil-
dren in the sea-level group (SLG) at 16 m in Shanghai (133 boys
and 87 girls) and 257 in the high altitude group (HAG) at 3700 m
in Jiuzhi County (142 boys and 115 girls, p b 0.05 for gender distribu-
tion). All the children in Shanghai were Hans, whereas there were 117
Hans and 140 native Tibetans in Jiuzhi County. Children in the two
altitude groups were divided into 7 age groups (1 month, ~6 months,
~1 year, ~3 years, ~6 years, ~10 years and ~14 years) (Table 1). A
pulse oximeter was placed at the big toe of each child to measure arte-
rial oxygen saturation (SaO2).
2.2. Echocardiographic assessments of the cardiacmorphology and function
and pulmonary arterial pressure
One experienced echocardiographer (H-Y Q) from Qinghai Women
and Children's Hospital performed two-dimensional color Doppler
echocardiography in all the children, sequentially in Jiuzhi County and
then in Shanghai. Images and ECG were acquired using Hewlett-
Packard-8500 and 2.5, 3.5 or 5.0-MHz transthoracic transducer (Ando-
ver, MA, U.S.A.) when children were awake and quiet, or sedated by
10% hydrochloride occasionally if necessary. All echocardiographic
studies were recorded and measurements were taken in triplicate and
averaged. Analysis of themeasurements wasmade in the digital storing
program Xcelera (Philips, Amsterdam, The Netherlands) ofﬂine by the
echocardiographer (H-Y Q).Table 1
Mean ± SD values of demographic variables in the sea level and high altitude groups.
Age Altitude Number of patients Weight
(kg)
b1 m 16 m 19 3.5 ± 1.2
3700 m 13 3.1 ± 0.6
1–6 m 16 m 23 6.9 ± 1.7
3700 m 7 6.9 ± 0.9
7–12 m 16 m 19 9.3 ± 1.5
3700 m 4 9.1 ± 1.0
13 m–3 y 16 m 26 11.7 ± 2.0
3700 m 14 11.1 ± 2.5
4–6 y 16 m 45 17.5 ± 3.0
3700 m 44 16.6 ± 3.1
7–10 y 16 m 50 25.2 ± 5.5
3700 m 97 22.4 ± 3.7
11–14 y 16 m 30 42.9 ± 12.2
3700 m 69 32.5 ± 6.4
Statistics
Page b0.0001
Paltitude 0.80
Page ∗ altitude 0.038
BSA: body surface area; SaO2: arterial oxygen saturation.2.3. Cardiac morphology
The dimensions of the cardiac chambers and main arteries were
obtained using standard views including right atrium (RA), right
ventricle (RVD) and right ventricular outﬂow tract (RVOT), main
pulmonary artery (PA), left ventricle in systole and diastole (LVs
and LVd) and aortic root (AO). PA and AO ratio (PA/AO) was calculat-
ed. The thickness of the ventricular walls was also obtained including
right ventricular anterior wall (RVAW), interventricular septum
(IVS) and left ventricular posterior wall in systole and diastole
(LVPWs and LVPWd) using left ventricular long axis wall. Themasses
of left and right ventricles (LVMASS, RVMASS) were calculated by the
following equations: [11]
LVmass ¼ 1:04 LVDþ IVSþ LVPWð Þ3−LVD3
h i
−13:6
RVmass ¼ 1:04 RVDdþ IVSd þ RVFWdð Þ3−RVDd3
h i
−13:6:
2.4. Cardiac function
2.4.1. Right ventricle
Systolic function — the areas of the right ventricle during systole
and diastole in standard apical four-chamber view were measured
to estimate the right ventricular ejection fraction (RVEF) without in-
cluding RVOT. Diastolic function — a pulsed Doppler sample volume
was placed at the tip of tricuspid valve leaﬂets to measure tricuspid
E (VETV) and A (VATV) wave peak velocities, E/ATV ratio and E wave
deceleration time (EDTTV). Isovolumic relaxation time (RIRT) was
measured by subtracting the interval between the initiation of QRS
complex of the ECG and the cessation of right ventricular outﬂow
from the interval between the initiation of QRS complex wave and
the initiation of E wave.
2.4.2. Left ventricle
Systolic function— the left ventricular lengthwasmeasured from the
apical four-chamber view. Left ventricular area was measured at the
levels of the mitral valve and papillary muscles from a parasternal
short axis view. All themeasureswere obtained during systole and dias-
tole to estimate left ventricular ejection fraction (LVEF), cardiac output
(CO) and cardiac output index (CI) using themodiﬁed Simpsonmethod,
without including the left ventricular outﬂow tract. Left ventricular long
axis viewwas used tomeasure the fractional shortening (LVFS) and the
mean velocity of circumferential ﬁber shortening (mVCF). Ejection timeHeight
(cm)
BSA
(m2)
SaO2
(%)
Heart rate
(bpm)
51 ± 5 0.21 ± 0.04 99 ± 1 149 ± 10
50 ± 4 0.20 ± 0.02 91 ± 5 147 ± 19
62 ± 4 0.34 ± 0.05 100 ± 0 140 ± 13
63 ± 3 0.35 ± 0.02 89 ± 5 121 ± 16
73 ± 3 0.44 ± 0.04 99 ± 2 123 ± 12
75 ± 5 0.44 ± 0.04 90 ± 1 124 ± 21
85 ± 6 0.53 ± 0.06 99 ± 1 111 ± 15
82 ± 8 0.51 ± 0.08 90 ± 4 109 ± 12
106 ± 7 0.72 ± 0.09 99 ± 2 102 ± 12
105 ± 9 0.70 ± 0.09 90 ± 2 102 ± 16
126 ± 9 0.94 ± 0.13 99 ± 1 86 ± 16
122 ± 7 0.87 ± 0.10 91 ± 3 97 ± 15
145 ± 23 1.36 ± 0.25 100 ± 1 82 ± 11
140 ± 10 1.13 ± 0.15 91 ± 2 78 ± 12
b0.0001 b0.0001 0.79 b0.0001
0.99 0.82 b0.0001 0.29
0.53 0.036 0.87 0.11
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ing and closing. Diastolic function — a pulsed Doppler sample volume
was placed at the tip of mitral valve leaﬂets to measure mitral E
(VEMV) andA (VAMV)wave peak velocities and E/AMV and Ewave decel-
eration time (EDTMV). The isovolumic relaxation time (LIRT) was mea-
sured from the apical ﬁve-chamber view by simultaneous recording of
the aortic and mitral ﬂows.
2.4.3. Pulmonary arterial pressure
The mean pulmonary arterial pressure (mPAP) was estimated by
the right ventricular systolic time interval (RSTI) that was derived
from the Doppler waveforms in the main pulmonary artery, includ-
ing pre-ejection period (PEP), acceleration time (AT), ejection time
(ET), AT/ET ratio, right ventricular pre-ejection period (PEP) and ac-
celeration time ratio (PEP/AT). The mean pulmonary arterial pres-
sure (mPAP) was estimated using the following equation: [12]
mPAP ¼ 27:79þ 35:42 PEP=AT−50:85  AT=ETc
where AT/ETc indicates AT/ET corrected by the square root of R–R in-
terval from the ECG.
3. Statistical methods
Datawere described asmean± standard deviation. Chi-squared test
was used to examine the difference in gender distribution between the
two groups. Multivariate linear regression was used to examine the dif-
ference in demographic, cardiacmorphological and functional, and pul-
monary arterial pressure variables as dependent variables in relation to
altitude, age groups and age altitude interactions as independent vari-
ables. The multivariate linear regression analysis of cardiac morpholog-
ical and functional, and pulmonary arterial pressure variables was
adjusted by body surface area (BSA) and gender. For some measures,
various transformations of time (logarithmic and polynomial) were
tested regarding the bestﬁt for the age course. Additionally, the analysis
of the variables related to timewas adjusted by heart rate. The probabil-
ity values of the altitude effect (Paltitude) indicated the difference in the
overall levels of each variable between the two altitude groups. The
probability values of the age group (Page) effect indicated the overall
change of each variable over the 7 age groups in the two altitude groups.
The probability values of the interaction of altitude and age group
(Paltitude ∗ age) indicated the difference in trends of each variable be-
tween the two altitude groups over the 7 age groups. Un-paired t-test
was used to compare the variables between the Hans and the Tibetans
at 3700 m. All data analyses were performed using SAS statistical soft-
ware version 9.3 (SAS Institute, Inc., Cary, NC). A p value b0.05 indicated
a statistical signiﬁcance.
4. Results
4.1. Comparison of demographic variables between the sea-level and high
altitude groups
Compared to SLG, SaO2 in HAG was signiﬁcantly and consistently
lower (p b 0.0001) without signiﬁcant change with age in the two
groups (p = 0.79). Weight, height and BSA increased signiﬁcantly
with age in both groups (p b 0.0001 for all). The increase in weight
and BSA was signiﬁcantly slower in HAG (p= 0.038 and p= 0.036, re-
spectively), but not in height (p = 0.53). Heart rate decreased signiﬁ-
cantly with age (p b 0.0001), without signiﬁcant difference between
the two groups (p = 0.29). In addition, weight and BSA were signiﬁ-
cantly greater (p = 0.001 and p = 0.04, respectively), and heart rate
was signiﬁcantly slower in boys than in girls (p = 0.005). Height and
SaO2 were not signiﬁcantly different between boys and girls (p = 0.49
and p = 0.87, respectively) (Table 1).4.2. Comparison of pulmonary arterial pressure variables between the
sea-level and high altitude groups
After adjusted by heart rate and gender, AT, ET, AT/ET and PEP signif-
icantly increasedwith age in both groups (p b 0.0001 for all). PEP/AT did
not change signiﬁcantlywith age in either of the two groups (p=0.38).
Compared to SLG, AT and ET in HAG were signiﬁcantly lower (p =
0.0008 and p=0.039, respectively). PEP, PEP/AT andmPAPwere signif-
icantly higher (p b 0.0001 for all). AT/ET was not signiﬁcantly different
between the two groups (p = 0.11). mPAP was signiﬁcantly higher in
the 14 years (p b 0.0001) with different trends during the 14 years. In
HAG, mPAP was the highest in the neonatal period (35.1 ±
8.9 mm Hg), then rapidly decreased within 6 months (27.3 ±
11.8 mm Hg), followed by a gradual decrease thereafter (p = 0.003).
mPAP in SLG did not change signiﬁcantlywith age (p=0.09). No signif-
icant differencewas found in any of the variables between boys and girls
(p = 0.35 to p = 0.82 for all) (Table 2).
4.3. Comparison of cardiac morphological variables between the sea level
and high altitude groups
4.3.1. Right heart
The analysis of the cardiac morphological variables was adjusted
by BSA and gender. RA, RV, RVOT and PA signiﬁcantly increased with
age in both groups (p = 0.05, p = 0.048, p = 0.01 and p b 0.0001, re-
spectively). RVAW and PA/AO did not change signiﬁcantly with age
in the two groups (p= 0.15–0.72). RVmass and RVmass/LVmass sig-
niﬁcantly decreased with age in both groups (p b 0.0001 for both).
Compared to SLG, the increase in RA, RV and RVOT with age was sig-
niﬁcantly faster (p = 0.0008, p = 0.035 and p b 0.0001, respective-
ly). PA and PA/AO were signiﬁcantly larger throughout the 14 years
(p= 0.040 and p b 0.0001, respectively). RVAW tended to be thinner
(0.055). The overall RVmass and RVmass/LVmass were not signiﬁ-
cantly different between the two groups (p = 0.34 and p = 0.80, re-
spectively). But the decrease in RVmass was signiﬁcantly slower
(p = 0.005) and the decrease in RVmass/LVmass trended to be
slower (p = 0.10) (Table 3).
4.3.2. Left heart
After adjusted by BSA and gender, all the variables of the left heart
signiﬁcantly increased with age (p b 0.05 for all), except for LVPWd
and IVS (p= 0.75 and p= 0.99, respectively). There was no signiﬁcant
difference in any of these variables between the two groups (p= 0.20–
0.70 for all) (Table 4).
In addition, the dimensions of the right and the left heart were sig-
niﬁcantly greater in boys than in girls (p b 0.03 for all). The thickness
of ventricular walls was not signiﬁcantly different between boys and
girls (p N 0.3 for all).
4.4. Comparison of cardiac functional variables between the sea level and
high altitude groups
4.4.1. Right ventricle
Systolic function — RVEF did not change signiﬁcantly with age (p =
0.20) and was signiﬁcantly lower in HAG compared to SLG in the 14
years (p b 0.0001). Diastolic function — VETV was signiﬁcantly related
to time after polynomial transformation and showed a signiﬁcant in-
creased until 1 year (p b 0.0001), followed by a gradual decrease there-
after in both groups (p b 0.0001). VATV and EDTTV signiﬁcantly
decreased with age in both groups (p b 0.0001 for both). E/ATV and
RIRT signiﬁcantly increasedwith age (p b 0.0001 and p=0.007, respec-
tively). Compared to SLG, VATV and RIRT were signiﬁcantly higher (p=
0.041 and p = 0.044, respectively), VETV and E/ATV were signiﬁcantly
lower in the 14 years (p b 0.0001 and p = 0.002, respectively). EDTTV
trended to be shorter (p = 0.058) with a signiﬁcantly slower decrease
(p = 0.002) (Table 5).
Table 2
Mean ± SD values of pulmonary arterial pressure variables in the sea level and high altitude groups.
Age Altitude PEP
(ms)
AT
(ms)
ET
(ms)
PEP/AT AT/ET mPAP
(mm Hg)
b1 m 16 m 36 ± 6 78 ± 15 205 ± 25 0.49 ± 0.14 0.38 ± 0.06 14.5 ± 8.6
3700 m 40 ± 10 52 ± 15 196 ± 14 0.79 ± 0.14 0.26 ± 0.08 35.1 ± 8.9
1–6 m 16 m 37 ± 6 82 ± 11 226 ± 24 0.45 ± 0.11 0.37 ± 0.06 15.4 ± 7.5
3700 m 50 ± 12 80 ± 21 213 ± 32 0.69 ± 0.35 0.37 ± 0.08 27.3 ± 11.8
7–12 m 16 m 40 ± 7 92 ± 13 234 ± 27 0.44 ± 0.06 0.39 ± 0.05 14.8 ± 5.2
3700 m 53 ± 10 83 ± 19 235 ± 13 0.68 ± 0.24 0.35 ± 0.08 25.1 ± 15.2
13 m–3 y 16 m 42 ± 8 97 ± 15 260 ± 27 0.44 ± 0.10 0.37 ± 0.06 17.7 ± 6.9
3700 m 49 ± 11 81 ± 19 239 ± 29 0.65 ± 0.26 0.34 ± 0.07 26.8 ± 12.9
4–6 y 16 m 42 ± 7 115 ± 19 287 ± 22 0.38 ± 0.08 0.40 ± 0.06 14.8 ± 6.5
3700 m 49 ± 11 96 ± 17 261 ± 25 0.53 ± 0.19 0.37 ± 0.06 24.1 ± 8.2
7–10 y 16 m 46 ± 9 123 ± 25 300 ± 30 0.39 ± 0.11 0.41 ± 0.07 16.6 ± 7.5
3700 m 56 ± 13 104 ± 16 274 ± 25 0.56 ± 0.18 0.38 ± 0.05 23.1 ± 8.5
11–14 y 16 m 49 ± 10 131 ± 19 301 ± 25 0.38 ± 0.10 0.44 ± 0.06 15.3 ± 5.8
3700 m 59 ± 12 116 ± 19 295 ± 25 0.52 ± 0.15 0.39 ± 0.06 23.3 ± 7.8
Statistics
Page b0.0001 b0.0001 b0.0001 0.38 b0.0001 0.09
Paltitude b0.0001 0.0008 0.039 b0.0001 0.11 b0.0001
Page ∗ altitude 0.12 0.63 0.69 0.01 0.99 0.003
AT, acceleration time; ET, ejection time; mPAP, mean pulmonary arterial pressure; PEP, pre-ejection period.
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Systolic function — LVEF was signiﬁcantly related to age after log-
arithmic transformation. It showed a fast decrease until 1 year of age,
followed by a slow decrease thereafter (p = 0.037). LVEF was not
signiﬁcantly different between the two groups (p = 0.40). LVFS did
not change signiﬁcantly with age (p = 0.69) and was signiﬁcantly
lower in HAG compared to SLG in the 14 years (p = 0.003). mVCF
signiﬁcantly decreased with age (p b 0.0001) and was signiﬁcantly
lower in HAG in the 14 years (p = 0.003). Diastolic function —
VEMV, VAMV and EDTMV were related to time after polynomial trans-
formation, being signiﬁcant increased until 1 year (p b 0.0001 for
VEMV, p = 0.004 and p = 0.032 for VAMV and EDTMV, respectively),
followed by a gradual decrease thereafter (p b 0.0001 for all). Compared
to SLG, VEMV was signiﬁcantly lower in the 14 years (p b 0.0001). VAMV
and EDTMV were signiﬁcantly lower before 6 month of age (p b 0.0001
and p=0.010, respectively) andwas not signiﬁcantly different thereaf-
ter. E/AMV and LIRT signiﬁcantly increasedwith age (p b 0.0001 and p=
0.041, respectively) without signiﬁcant difference between the two
groups (p = 0.74 and p = 0.60, respectively). CI was related to timeTable 3
Mean ± SD values of the right heart morphology in the sea level and high altitude groups.
Age Altitude RA
(cm)
RV
(cm)
RVOT
(cm)
PA
(c
b1 m 16 m 0.9 ± 0.1 0.8 ± 0.1 1.0 ± 0.1 0.
3700 m 0.9 ± 0.1 0.7 ± 0.1 1.0 ± 0.1 1.
1–6 m 16 m 1.0 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 1.
3700 m 1.3 ± 0.1 1.0 ± 0.2 1.7 ± 0.3 1.
7–12 m 16 m 1.2 ± 0.1 0.9 ± 0.1 1.4 ± 0.2 1.
3700 m 1.2 ± 0.2 1.1 ± 0.2 1.7 ± 0.2 1.
13 m–3 y 16 m 1.3 ± 0.1 1.0 ± 0.2 1.5 ± 0.1 1.
3700 m 1.4 ± 0.2 1.2 ± 0.2 1.8 ± 0.2 1.
4–6 y 16 m 1.4 ± 0.1 1.2 ± 0.2 1.8 ± 0.2 1.
3700 m 1.6 ± 0.2 1.2 ± 0.2 1.9 ± 0.2 1.
7–10 y 16 m 1.5 ± 0.2 1.3 ± 0.2 1.9 ± 0.2 1.
3700 m 1.8 ± 0.2 1.3 ± 0.2 2.2 ± 0.2 2.
11–14 y 16 m 1.7 ± 0.3 1.5 ± 0.2 2.2 ± 0.3 2.
3700 m 1.9 ± 0.2 1.5 ± 0.2 2.4 ± 0.2 2.
Statistics
Page 0.05 0.048 0.01 b0
Paltitude 0.77 0.37 0.34 0.
Page ∗ altitude 0.0008 0.035 b0.0001 0.
AO, aortic root; LVmass, themass of the left ventricles; PA, pulmonary artery; RA, right atrium;
ventricles; RVOT, right ventricular outﬂow.after polynomial transformation and showed an increase until 1 year
(p b 0.0001), followed by a gradual decrease thereafter in both groups
(p b 0.0001). CI was signiﬁcantly higher in HAG compared to SLG in
the 14 years (p b 0.0001) (Table 6).
None of the cardiac functional variables was signiﬁcant different be-
tween boys and girls (p N 0.10 for all). CIwas signiﬁcantly higher in boys
than in girls (p = 0.042).
4.5. Comparison of demographic and cardiopulmonary variables between
the Hans and the Tibetans in the high altitude group
No signiﬁcant difference was found in any of the variables between
the Han children and the Tibetan children at 3700 m (p N 0.10 for all).
5. Discussion
Our study demonstrated the developmental characteristics of cardi-
acmorphology and function and pulmonary arterial pressure during the
ﬁrst 14 year of life in the healthy Han and Tibetan children born andm)
PA/AO RVAW
(cm)
RVmass
(g)
RVmass/
LVmass
9 ± 0.1 0.94 ± 0.08 0.2 ± 0.0 1.79 ± 0.43 0.28 ± 0.07
0 ± 0.1 1.02 ± 0.08 0.2 ± 0.1 1.40 ± 0.40 0.25 ± 0.04
1 ± 0.1 0.96 ± 0.05 0.2 ± 0.0 2.20 ± 0.34 0.23 ± 0.06
3 ± 0.1 1.09 ± 0.10 0.2 ± 0.1 2.70 ± 1.11 0.24 ± 0.07
3 ± 0.1 0.94 ± 0.08 0.2 ± 0.0 2.46 ± 0.57 0.18 ± 0.05
5 ± 0.2 1.07 ± 0.06 0.2 ± 0.0 2.93 ± 0.55 0.24 ± 0.05
4 ± 0.1 0.99 ± 0.06 0.2 ± 0.0 2.69 ± 0.79 0.16 ± 0.04
6 ± 0.2 1.08 ± 0.10 0.2 ± 0.1 3.95 ± 1.29 0.22 ± 0.05
7 ± 0.2 0.96 ± 0.06 0.2 ± 0.1 3.80 ± 0.97 0.16 ± 0.05
8 ± 0.1 1.08 ± 0.09 0.2 ± 0.1 4.07 ± 1.27 0.17 ± 0.05
8 ± 0.2 0.96 ± 0.07 0.2 ± 0.0 5.00 ± 1.48 0.15 ± 0.05
0 ± 0.2 1.05 ± 0.10 0.2 ± 0.1 5.33 ± 1.85 0.16 ± 0.05
1 ± 0.2 0.93 ± 0.06 0.3 ± 0.0 6.91 ± 2.46 0.14 ± 0.04
2 ± 0.2 1.01 ± 0.12 0.3 ± 0.1 7.36 ± 2.48 0.16 ± 0.04
.0001 0.72 0.47 b0.0001 b0.0001
040 b0.0001 0.055 0.34 0.80
05 0.18 0.06 0.005 0.10
RV, right ventricular; RVAW, right ventricular anterior wall; RVmass, themass of the right
Table 4
Mean ± SD values of the left heart morphology in the sea level and high altitude groups.
Age Altitude LA
(cm)
LVd
(cm)
LVs
(cm)
AO
(cm)
LVPWd
(cm)
LVPWs
(cm)
LVmass
(g)
IVS
(cm)
b1 m 16 m 1.0 ± 0.1 1.8 ± 0.3 1.0 ± 0.2 1.0 ± 0.1 0.3 ± 0.0 0.5 ± 0.1 6.83 ± 2.41 0.26 ± 0.05
3700 m 0.9 ± 0.1 1.8 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 0.2 ± 0.1 0.5 ± 0.1 5.78 ± 1.71 0.25 ± 0.05
1–6 m 16 m 1.2 ± 0.1 2.3 ± 0.3 1.1 ± 0.3 1.2 ± 0.1 0.3 ± 0.0 0.6 ± 0.1 10.21 ± 2.65 0.28 ± 0.04
3700 m 1.3 ± 0.1 2.3 ± 0.4 1.2 ± 0.3 1.2 ± 0.1 0.3 ± 0.0 0.7 ± 0.1 11.55 ± 4.12 0.31 ± 0.04
7–12 m 16 m 1.3 ± 0.3 2.6 ± 0.2 1.2 ± 0.2 1.4 ± 0.1 0.3 ± 0.1 0.6 ± 0.1 14.28 ± 3.31 0.32 ± 0.04
3700 m 1.4 ± 0.3 2.5 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 0.3 ± 0.0 0.7 ± 0.1 12.18 ± 0.41 0.30 ± 0.00
13 m–3 y 16 m 1.5 ± 0.1 2.8 ± 0.3 1.5 ± 0.2 1.5 ± 0.1 0.3 ± 0.1 0.7 ± 0.1 17.37 ± 4.37 0.31 ± 0.05
3700 m 1.5 ± 0.1 2.7 ± 0.3 1.5 ± 0.2 1.5 ± 0.1 0.4 ± 0.1 0.8 ± 0.1 18.35 ± 4.94 0.36 ± 0.05
4–6 y 16 m 1.8 ± 0.1 3.3 ± 0.3 1.8 ± 0.4 1.7 ± 0.2 0.4 ± 0.1 0.7 ± 0.2 24.48 ± 5.25 0.35 ± 0.05
3700 m 1.7 ± 0.2 3.1 ± 0.3 1.8 ± 0.2 1.7 ± 0.2 0.4 ± 0.1 0.8 ± 0.1 23.90 ± 5.87 0.38 ± 0.07
7–10 y 16 m 1.9 ± 0.2 3.6 ± 0.4 2.0 ± 0.3 1.9 ± 0.2 0.4 ± 0.1 0.9 ± 0.1 35.25 ± 9.58 0.40 ± 0.05
3700 m 1.9 ± 0.2 3.5 ± 0.3 2.1 ± 0.3 1.9 ± 0.2 0.4 ± 0.1 0.9 ± 0.1 33.72 ± 9.17 0.41 ± 0.08
11–14 y 16 m 2.2 ± 0.3 4.1 ± 0.5 2.2 ± 0.4 2.3 ± 0.2 0.5 ± 0.1 1.0 ± 0.2 50.69 ± 15.95 0.45 ± 0.08
3700 m 2.1 ± 0.2 3.9 ± 0.3 2.1 ± 0.3 2.2 ± 0.2 0.5 ± 0.1 1.0 ± 0.1 46.53 ± 10.39 0.47 ± 0.07
Statistics
Page b0.0001 b0.0001 b0.0001 b0.0001 0.99 0.004 0.049 0.75
Paltitude 0.90 0.28 0.38 0.50 0.16 0.54 0.32 0.65
Page ∗ altitude 0.94 0.87 0.85 0.61 0.08 0.20 0.09 0.10
AO, aortic root; IVS, interventricular septum; LA, left atrium; LVd, left ventricular in diastole; LVmass, the mass of the left ventricles; LVPWd, left ventricular posterior wall in diastole;
LVPWs, left ventricular posterior wall in systole; LVs, left ventricle in systole.
162 H.-Y. Qi et al. / IJC Heart & Vasculature 7 (2015) 158–164living at 3700m in Jiuzhi County, Qinghai Province, China. Compared to
children at the sea level in Shanghai, children at 3700 m had a consis-
tently lower SaO2, slower growth in body weight and BSA, higher pul-
monary arterial pressure, larger right heart, and less regressed right
ventricular hypertrophy. The left heart morphologywas not signiﬁcant-
ly different. Systolic and diastolic functions of both ventricles were re-
duced. Paradoxically, CI was signiﬁcantly greater. Surprisingly, none of
the variables was signiﬁcantly different between the Han children and
the Tibetan children living at high altitude.
People living in high altitude environments are exposed to an envi-
ronment of hypobaric hypoxia with low ambient partial pressure of ox-
ygen. An atmospheric pressure of 500 mm Hg at 3700 m leads to the
partial pressure of oxygen of 105 mm Hg, representing 66% of that at
the sea level, limiting oxygen supply in the air and the blood. SaO2
reduced to 90% in the high altitude group of children in our study. Alti-
tude adaptation implies a series of physiological changes in the oxygen
transport system to maintain optimal oxygen supply to meet oxygen
consumption of the tissues, including polycythemia, lung and tissue dif-
fusion capacity, systemic vascular resistance and cardiac output. TheTable 5
Mean ± SD values of the right ventricular systolic and diastolic functional variables in the sea
Age Altitude RVEF
(%)
ETV
(cm/s)
b1 m 16 m 63 ± 9 43 ± 11
3700 m 60 ± 6 40 ± 8
1–6 m 16 m 60 ± 8 55 ± 13
3700 m 50 ± 8 49 ± 6
7–12 m 16 m 59 ± 7 60 ± 14
3700 m 53 ± 4 44 ± 9
13 m–3 y 16 m 58 ± 6 63 ± 15
3700 m 50 ± 16 45 ± 7
4–6 y 16 m 61 ± 7 63 ± 12
3700 m 56 ± 7 54 ± 12
7–10 y 16 m 61 ± 7 59 ± 11
3700 m 55 ± 6 59 ± 11
11–14 y 16 m 62 ± 8 57 ± 11
3700 m 54 ± 9 58 ± 13
Statistics
Page 0.20 b0.0001a
Paltitude p b 0.0001 b0.0001
Page ∗ altitude 0.30 b0.0001
ATV, tricuspid valve Awave peak velocity; EDTTV, tricuspid E wave deceleration time; ETV, tricusp
right ventricular ejection fraction.
a Related to time after logarithmic transformation.role of pulmonary arterial hypertension in this process has not been
clearly established.
The classic and pioneer studies on altitude related pulmonary ar-
terial hypertension emerged in the 1960s in the Andeans at 4540 m
by the Peruvian investigators. The ﬁrst report of direct measure-
ments of pulmonary arterial hypertension using cardiac catheteriza-
tion was in 7 healthy adult volunteers [1]. This work was extended to
include 32 children 1 to 14 years of age [13] and 38 adults 17 to 38 years
of age [13]. Later, an additional group of newborns was studied [14].
Thus, a complete proﬁle is depicted about the development of
pulmonary arterial hypertension from neonate to adulthood in healthy
highlanders, speciﬁcally speaking, the Andeans in Peru. mPAP of
60 mm Hg was found in the newborns, similar to that at the sea level.
After birth, the rapid decline seen in the sea level residents is slowed,
and a mild to moderate degree of pulmonary arterial hypertension
remained through adulthood. mPAP was 45 mm Hg in children 1 to 5
years of age and 28 mm Hg in adolescents and adults (12 mm Hg in
sea level residents). Similar pattern, but to a lesser degree, was observed
in children at 3700 m in our study using echocardiography. mPAP waslevel and high altitude groups.
ATV
(cm/s)
E/ATV
(cm/s)
RIRT
(s)
EDTTV
(ms)
53 ± 10 0.84 ± 0.23 31 ± 17 5.34 ± 2.24
57 ± 7 0.69 ± 0.07 29 ± 10 6.29 ± 1.53
53 ± 13 1.09 ± 0.33 28 ± 9 6.56 ± 1.55
62 ± 8 0.78 ± 0.08 46 ± 21 5.33 ± 1.40
52 ± 15 1.22 ± 0.30 32 ± 6 5.62 ± 1.43
58 ± 15 0.77 ± 0.05 40 ± 8 4.90 ± 1.77
41 ± 10 1.56 ± 0.37 32 ± 11 6.07 ± 2.47
53 ± 13 0.92 ± 0.29 51 ± 12 5.02 ± 0.90
40 ± 8 1.58 ± 0.29 37 ± 11 5.05 ± 1.28
48 ± 11 1.18 ± 0.38 53 ± 16 5.11 ± 1.24
34 ± 8 1.80 ± 0.47 43 ± 15 4.24 ± 1.32
43 ± 11 1.46 ± 0.47 55 ± 16 5.25 ± 1.25
31 ± 8 1.90 ± 0.36 44 ± 15 3.87 ± 0.93
37 ± 10 1.65 ± 0.47 51 ± 15 4.92 ± 1.17
b0.0001 b0.0001 0.007 b0.0001
0.041 0.002 0.044 0.058
0.83 0.72 0.36 0.002
id valve E wave peak velocity; RIRT, right ventricular isovolumetric relaxation time; RVEF,
Table 6
Mean ± SD values of the left ventricular systolic and diastolic functional variables and cardiac index in the sea level and high altitude groups.
Age Altitude LVEF
(%)
LVFS
(%)
mVCF
(circ/s)
EMV
(cm/s)
AMV
(cm/s)
E/AMV
(cm/s)
LIRT
(ms)
EDTMV
(ms)
CI
(L/min ∗ m2)
b1 m 16 m 69 ± 6 46 ± 6 2.28 ± 0.31 61 ± 23 54 ± 15 1.13 ± 0.25 37 ± 7 8.65 ± 4.55 2.58 ± 0.54
3700 m 65 ± 5 39 ± 5 2.03 ± 0.29 52 ± 11 44 ± 9 1.21 ± 0.20 37 ± 6 7.02 ± 2.93 2.60 ± 0.75
1–6 m 16 m 59 ± 8 46 ± 5 2.13 ± 0.35 88 ± 14 65 ± 17 1.42 ± 0.33 36 ± 5 9.36 ± 3.62 2.68 ± 0.46
3700 m 60 ± 8 46 ± 9 1.93 ± 0.33 78 ± 23 62 ± 10 1.27 ± 0.31 47 ± 16 7.32 ± 1.61 3.24 ± 0.60
7–12 m 16 m 60 ± 5 48 ± 5 2.04 ± 0.28 90 ± 17 63 ± 16 1.45 ± 0.29 40 ± 7 9.25 ± 3.30 3.13 ± 0.58
3700 m 63 ± 2 45 ± 5 1.83 ± 0.22 89 ± 19 70 ± 19 1.30 ± 0.12 47 ± 8 10.26 ± 5.67 3.83 ± 0.70
13 m–3 y 16 m 58 ± 5 47 ± 5 1.97 ± 0.28 90 ± 17 58 ± 11 1.59 ± 0.39 42 ± 6 8.05 ± 2.05 2.71 ± 0.43
3700 m 59 ± 5 45 ± 4 1.76 ± 0.25 88 ± 14 56 ± 15 1.67 ± 0.54 47 ± 11 8.29 ± 2.35 3.57 ± 0.60
4–6 y 16 m 61 ± 6 47 ± 7 1.85 ± 0.38 92 ± 11 50 ± 11 1.92 ± 0.43 44 ± 8 7.16 ± 1.28 3.17 ± 0.63
3700 m 60 ± 6 42 ± 5 1.68 ± 0.26 87 ± 12 51 ± 12 1.80 ± 0.57 49 ± 14 7.53 ± 2.42 3.74 ± 0.95
7–10 y 16 m 63 ± 5 46 ± 6 1.72 ± 0.30 89 ± 17 42 ± 11 2.23 ± 0.66 45 ± 8 6.24 ± 1.90 2.80 ± 0.59
3700 m 56 ± 7 41 ± 6 1.53 ± 0.30 87 ± 13 48 ± 11 1.91 ± 0.43 56 ± 13 6.96 ± 1.89 3.27 ± 0.74
11–14 y 16 m 64 ± 5 47 ± 7 1.64 ± 0.30 85 ± 14 41 ± 11 2.18 ± 0.60 46 ± 7 5.92 ± 1.82 2.70 ± 0.55
3700 m 59 ± 5 44 ± 6 1.50 ± 0.32 88 ± 12 43 ± 11 2.13 ± 0.47 53 ± 9 6.14 ± 1.08 3.26 ± 0.65
Statistics
Page 0.037a 0.69 b0.0001 age b0.0001b
age2 b 0.0001
age 0.04b
age2 b 0.0001
b0.0001 0.041 age 0.04
age 20.0001
age b0.0001b
age2 b 0.0001
Paltitude 0.10 0.003 0.003 b0.0001 0.004 0.74 0.60 0.032 b0.0001
Page ∗ altitude 0.97 0.49 0.60 b0.0001 b0.0001 0.18 0.040 0.012 0.58
AMV, mitral valve A wave peak velocity; CI, cardiac output index; EDTMV, mitral valve E wave deceleration time; EMV, mitral valve E wave peak velocity; LIRT, left ventricular isovolumetric
relaxation time; LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; mVCF, the mean velocity of circumferential ﬁber shortening.
Age indicates the early trend; age2 indicates the later trend.
a Related to time after logarithmic transformation.
b Related to time after polynomial transformation.
163H.-Y. Qi et al. / IJC Heart & Vasculature 7 (2015) 158–164from 35 to 27 mmHg from neonatal period to 6 month, then gradually
decreased to 25 mm Hg thereafter, whereas it remained at about
15 mm Hg throughout infancy and childhood in the sea level group.
Pulmonary arterial hypertension leads to right ventricular hypertro-
phy in similar patterns, as observed in the studies of heart specimens
obtained from theAndeans. The rapid decline in right ventricular hyper-
trophy seen in the sea level newborns is also slowed and mild to mod-
erate right ventricular hypertension is persistent throughout life [15,
16]. A recent echocardiographic study has also conﬁrmed the persistent
thickness of the right ventricular wall in the Bolivian infants at 3800 m
[10]. The left heart is normal [3,17,18]. Our data also showed the compa-
rable morphology of the left heart to the sea level group. However, the
right heart was different from the previous studies in terms of the fol-
lowing. Right ventricular hypertrophy was not a prominent feature in
the high altitude group in our study. These children only showed a
slower decrease in RVmass, but the overall RVmass, RVmass/LVmass
and RVAW in the 14 years were not signiﬁcantly different from the
sea level group. Instead, increasing dilatation of the right heart is more
prominent fromRA, RV, RVOT to PA over the 14 years. This is an unusual
ﬁnding in healthy highlanders, but has been reported in those diag-
nosed as chronicmountain sicknesswhodid not have overt heart failure
symptoms or myocardial dysfunction except for an increased RV Tei
index [18].
Chronic high altitude exposuremay be associated with alteredmyo-
cardial function, which is generally considered right-sided and diastolic
[7,18,19]. Huez et al., using echocardiographic and tissue Doppler imag-
ing, reported altered right and left ventricular diastolic function in the
Bolivian adults as indicated by the decreased tricuspid annular plane ex-
cursion, tricuspid annular S waves, increased RV Tei indexes, and de-
creased EMV and E/AMV. The systolic function of RV and LV was
preserved [6]. Maignan et al. also reported increased RV Tei index in
the Andean adults. Paucity of data exists in healthy children born and
living at high altitude. The only pediatric study, to our knowledge, was
conducted by Huicho et al. in healthy children from 2 months to 19
years living at Tintaya, a mining camp, located in the Andean plateau
(4100 m). They found that the right and left heart morphologic and
functional echocardiographic measurements were comparable to sea-
level reference populations [9]. Those children were not typical natives,
however, as explained by the investigators. Although they had high-altitude genetic ancestry, most of them spent a fewmonths at lower al-
titudes in summer holidays. The nutritional status and the life condi-
tions were relatively good in Tintaya children [20]. Our study found
different features of cardiac function from the previous ﬁndings, show-
ing reduced diastolic as well as systolic function of both ventricles in
healthy children at 3700 m. The reduced left ventricular function may
be due, at least partly, to the adverse impact of the pressure-loaded
right ventricle via ventricular–ventricular interactions [21]. It should
be noted that in the presence of left ventricular dysfunction, left atrial
and consequently pulmonary venous pressure could also be increased.
Although no data of pulmonary venous pressure in our current study,
this might be a potential component contributing to the higher pulmo-
nary arterial pressure in the high altitude group. The implication of the
dilated right heart in combination with reduced systolic and diastolic
function of both ventricles is unclear in the presence of paradoxically
higher CI.
Indeed, CI was higher in the high altitude children than those at sea
level in our study. This is again different from the previous ﬁndings
showing comparable cardiac output to the sea level residents [13,18].
The reason might be plausible. It has been reported that high altitude
adults, Tibetans, at 4200mhave substantially higher circulating concen-
trations of bioactive NO and its products, including nitrate and nitroso
proteins, which control vascular resistance, blood ﬂow and cellular res-
piration. Consequently, they have lower systemic vascular resistance
and greater systemic blood ﬂow to offset the low arterial oxygen con-
tent and enable oxygen delivery [22]. Additionally, NO has well
established effects to decrease oxygen consumption through improved
efﬁciency of energy production during cellular respiration, via enhanc-
ing coupled respiration and ATP content and increasing mitochondrial
numbers through biogenesis [23,24]. The chronic reduction in oxygen
consumption is in consistency with the slower physical growth as an
adaptation mechanism to high altitude, which was found in our study
and others' [22]. This mechanism may contribute to maintain the opti-
mal balance of oxygen transport in this chronically hypoxia population.
It should be mentioned that our study included the Hans and the Ti-
betans. TheNOmechanism found in the Tibetan adultsmight be also ap-
plicable to the Han children at high altitude, given the comparable
cardiac morphology and function and pulmonary arterial pressure be-
tween the Han children and the Tibetan children in our study.
164 H.-Y. Qi et al. / IJC Heart & Vasculature 7 (2015) 158–164The last ﬁnding of our study, i.e., the comparable cardiopulmonary
features between the Hans and the Tibetans, was a surprise. The Ti-
betans are known to have the most optimal genetic adaptation to high
altitude following a process of natural selection through millennia and
numerous generations of life in an environment of chronic hypoxia
since prehistoric times [7]. The Hans have migrated to the high altitude
region in Qinghai within the past 50–60 years. It has been documented
that the Tibetans have minimal elevation of pulmonary artery pressure,
no hypoxic pulmonary vasoconstriction and non-muscularized pulmo-
nary resistance arterioles [8,25,26]. Previous Chinese investigators re-
ported a lower pulmonary pressure response to exercise in the
Tibetan natives than in the Han immigrants [26]. It should be noted
that the studies mentioned above were exclusively obtained from
adults. A previous pediatric study may support our ﬁnding showing
the comparably high prevalence of right ventricular strain on electro-
cardiography between the Tibetan children and the Han children [27].
As such, it appears that the advantageous adaptations found in the Ti-
betan adults might have not been developed yet by 14 years of age.
Our study has important implications. More than 140million people
worldwide live above 2500 m altitude. Of them, 80 million live in Asia
who are considerably less studied. The echocardiographic values of car-
diac morphology and function and pulmonary arterial pressure in
healthy children born and living at high altitude can be used as refer-
ence values in the care of healthy children during normal growth and
in clinical management and research in sick children with congenital
or acquired cardiopulmonary diseases.
6. Limitations
There are several limitations in this study as the following. Firstly,
one echocardiographer performed all echocardiograms and she was
not blinded. This might introduce a certain degree of “observer bias”,
but should not affect the results of the signiﬁcance in the comparisons
between the two groups, given that the echocardiographer is very expe-
rienced and disciplined. Secondly, the estimation of mean pulmonary
arterial pressure used a method that was developed in China [12] and
has not been compared to other estimating methods. Nonetheless, this
method was validated against the direct cardiac catheterization assess-
ments in the original study and was used in both SLG and HAG groups.
Therefore, the comparison ofmPAP between the two altitudes is consid-
ered valid. Second, there are other differences between the two popula-
tions, such as socioeconomic and life conditions may well be present
and potentially confounding to our ﬁndings, e.g., myocardial function.
These factors were not included in our study, but are considered unlike-
ly to have more signiﬁcant effect on pulmonary arterial pressure than
altitude-related hypoxia. Lastly, the cardiopulmonary development
after 14 years remains to be explored in both the Hans and the Tibetans
at high altitude.
7. Conclusions
Children born and living at 3700 m in China, when compared to the
sea level children, have a signiﬁcantly higher pulmonary arterial pres-
sure, dilated right heart and slower regression of right ventricular hy-
pertrophy in the ﬁrst 14 years of life. The morphology of the left heart
was not signiﬁcantly different. Systolic and diastolic functions of both
ventricles were reduced with a paradoxically higher CI. There was no
signiﬁcant difference in the cardiopulmonary features between the
Han children and the Tibetan children. These values provide references
for the care of healthy children during normal growth and the clinical
management and research in sick children with congenital or acquired
cardiopulmonary diseases at high altitude. Further systematical studies
are warranted to extend the age range to deﬁne the developmental
characteristics from newborn to adulthood and to examine the poten-
tial differences between the Han adolescents and the Tibetan adoles-
cents and adults in adaptations to high altitude.Conﬂict of interest
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